We previously showed (V. W. Raymond and J. T. Parsons, Virology 160: [400][401][402][403][404][405][406][407][408][409][410] 1987) that variants of the Prague A strain of Rous sarcoma virus containing large deletions impinging on a region of the src gene encoding amino acid residues 143 to 169 were defective for transformation of chicken cells in culture. Here we report that introduction of small (tri-and tetrapeptide) deletions into a region of pp6O-src containing amino acid residues 155 to 175 was found to inactivate transformation. In addition, insertion of four, but not one, amino acid residues at position 161 also inhibited transformation. Biochemical analysis of the src proteins encoded by individual transformation-defective variants revealed that the structural alterations introduced into this domain had only marginal effects upon src tyrosine-specific protein kinase activity. However, the src proteins encoded by defective variants exhibited a significantly shorter half-life within the cell, although these proteins efficiently and rapidly associated with cellular membranes. Our results suggest that the structural domain encompassing residues 155 to 177 may influence the stability of pp60srC in the cellular membrane, possibly via the interaction of src with a cellular membrane component(s) or substrate(s).
The v-src gene of Rous sarcoma virus (RSV) encodes a 60-kilodalton phosphoprotein, pp6O-src, which has tyrosinespecific protein kinase activity (5, 7, 12, 29, 39) . Expression of pp60v-src rapidly leads to morphological transformation of chicken embryo (CE) cells as well as cells from a variety of other species (26, 49). pp60vsrc contains two major sites of phosphorylation, serine 17 and tyrosine 416, and several minor sites (11, 44, 62) . Phosphorylation of serine 17 appears to result from the activity of cyclic AMP-dependent protein kinase (11) , whereas phosphorylation of tyrosine 416 results from autophosphorylation (48) . Increased phosphorylation of either serine 17 or tyrosine 416 in vivo by treatment with cyclic AMP or vanadyl ion increases the protein kinase activity of pp60v-src (2, 10, 45, 54) . The tyrosine-specific protein kinase activity of pp60v-src is essential for initiating the events leading to cellular transformation (7) . Expression of pp60v-src leads to an increase in the total cellular phosphotyrosine levels in transformed cells (28, 58) . Eleven presumptive cellular substrates of pp60v-src which show increased phosphotyrosine levels have been identified: p36 (20) , p42 (13) , p50 (24), p81 (25), enolase, phosphoglycerate mutase, lactate dehydrogenase (15), Ca2+-binding protein calmodulin (22) , vinculin (57) , talin (18) , and fibronectin receptor (27) . Although the presence of these phosphoproteins may not be a prerequisite for morphological transformation, individually they could be involved in the appearance of specific features of transformation (14, 32, 41, 52, 69) . In addition, other phosphotyrosine-containing proteins can be identified by using two-dimensional gels or Western blotting (immunoblotting) with antiserum directed to phosphotyrosine (34, 53, 59, 67) .
pp60v-src contains at least three distinct functional domains (38) . The catalytic domain resides within the carboxyterminal half of the molecule (38) . The amino acid sequence of this region shares homology with other known tyrosine * Corresponding author.
kinases (1, 28, 56, 60, 61, 66) and a sequence motif, containing lysine 295, which defines a canonical ATP-binding site (35, 63) . Mutations within the catalytic domain inactivate protein kinase activity and concomitantly inactivate virus transformation (7, 33, 42, 43, 62, 70) . A proteolytic fragment of pp6Ov-src consisting of the carboxy-terminal half of the protein exhibits tyrosine kinase activity in vitro, which indicates that these sequences constitute a domain capable of functional enzymatic activity (3) .
The second domain, comprising the first seven residues, is involved in plasma membrane association (17, 30, 36) . This region is required for efficient pp60v-src myristylation, which occurs on the amino-terminal residue, glycine 2 (31). Nonmyristylated v-src proteins appear to be fully functional as tyrosine kinases and phosphorylate protein substrates in vitro (8, 17, 32) . Myristylation of pp60src is required for membrane association, and plasma membrane association of pp60V-src is correlated with transformation (30) (31) (32) , which suggests that a critical substrate(s) for pp60vsrc resides at the plasma membrane.
A third domain of pp6Ovsrc influences morphological transformation and has been proposed to be involved in modulating substrate recognition (6, 9, 16, 21, 37, 42, 43, 50) . Deletion mutants within this domain of pp60v-src exhibit altered transforming properties and encode src proteins with only minor reductions in tyrosine-specific protein kinase activities (50) . Deletion mapping indicates that the approximate boundaries of this domain are delineated by amino acid residues 143 to 169 (50) . To further investigate the role of this putative domain in transformation, we constructed a series of tri-or tetra-amino acid deletion mutations, and single-or tetra-amino acid insertion mutations in this region of the src gene of the Prague A strain of RSV (PrA RSV). We report here that tri-or tetra-amino acid deletions or insertions within the region defined by residues 155 to 177 abrogated pp60v-src transformation of CE cells. src proteins encoded by these deletion variants exhibited a significantly reduced half-life yet still efficiently associated with cellular membranes. Such structural alterations had little influence on src tyrosine-specific protein kinase activity. These results indicate that the domain encompassing residues 155 to 177 plays a role in mediating the interaction of pp6Ov-src with cellular membrane components, possibly via the interaction with a cellular membrane protein(s) or tyrosine kinase substrate(s).
MATERIALS AND METHODS
Cells, viruses, and plasmids. Cultures of primary CE cells were prepared from gs-negative embryos (SPAFAS, Inc., Norwich, Conn.) and transfected or infected as described previously (7) . Mutagenesis of viral DNA was carried out by using a modified nonpermuted molecular clone of PrA RSV inserted into a pBR322 plasmid vector, pRL (51) . Typically, 1 ,ug of pRL DNA was used to transfect one 60-mm dish of CE cells 24 h after trypsinization and plating. Changes in cell morphology were routinely observed 6 to 8 days after transfection or 3 to 4 days after virus infection. Replication of transformation-defective (td) virus was assessed by resistance to superinfection with PrA RSV as previously described (6) . Virus stocks were harvested from overnight cultured medium and stored at -70°C.
Mutagenesis. The v-src gene from pRLv-src was cloned into the single-stranded coliphage vector M13mp18 between the HindIII and KpnI sites (51) . Mutagenesis was carried out by using oligonucleotides (30-mers) to introduce specific deletions or insertions (40) . Mutant phage were identified by plaque hybridization or direct sequence analysis and were plaque purified. The mutations were confirmed by dideoxy DNA sequencing, and the mutated src genes were recloned into the RSV vector pRL. Upon recloning, the mutated src genes from individual mutated pRL clones were recloned back into M13 vector and resequenced 150 to 200 nucleotides both downstream and upstream of the mutagenized region to confirm the precise mutation.
Radiolabeling and pp6OSrc quantitation. For radiolabeling, cultures were incubated in labeling medium (Dulbecco modified Eagle medium without methionine) containing 100 to 200 ,uCi of [35S]methionine (Dupont, NEN Research Products, Boston, Mass.) per ml. Cell extracts were prepared by using a modified radioimmunoprecipitation assay (RIPA) lysis buffer (50 mM sodium phosphate buffer [pH 7.5], 150 mM NaCl, 1% Nonidet P-40, 0.25% sodium deoxycholate, 50 jig of leupeptin per ml, 1 mM sodium vanadate, 0.5% aprotinin, 1 mM phenylmethylsulfonyl fluoride, 4 mM pnitrophenyl phosphate, 1 mM EDTA, a-2-macroglobulin). After determination of total cellular protein (BCA assay; Pierce Chemical Co., Rockford, Ill.), portions of the lysates containing equal amounts of cellular protein were immunoprecipitated with monoclonal antibody (MAb) EC10 to pp60src. Immune complexes were adsorbed to Formalinfixed Staphylococcus aureus (Pansorbin; CalbiochemBehring, La Jolla, Calif.) and then washed and dissolved in sample buffer as described previously (7, 23) . The proteins were resolved by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) and transferred from the polyacrylamide gel onto a nitrocellulose membrane, and pp6Osrc was detected by immunoblotting, using 125I-labeled MAb EC10 or 327 (0.1 ,uCi/ml). The labeled proteins were detected by autoradiography and quantitated by densitometry.
Protein kinase assay. The autophosphorylation activities of src proteins encoded by individual RSV variants were measured by using the immune complex kinase assay as described previously (7) . Both autophosphorylation and phosphorylation of the exogenous substrate enolase were determined after the addition of 5 ,ug of acid-treated enolase (47) (65) supplemented with protease inhibitors, and allowed to swell on ice for 5 min. The cells were lysed with 30 strokes in a tight-fitting Dounce homogenizer, and NaCl was added to 150 mM. The lysates were centrifuged at 90,000 x g for 30 min to obtain cytoplasmic and total membrane fractions. The membrane fraction was suspended in RIPA lysis buffer and centrifuged at 600 x g for 10 min to remove nuclei. Both membrane and cytoplasmic fractions were immunoprecipitated with MAb EC10 and subjected to SDS-PAGE, and the quantity of pp60v-src was measured by immunoprecipitation as described above.
Sedimentation analysis of pp69Src. Infected CE cells were lysed in RIPA lysis buffer containing protease inhibitors. The lysates were centrifuged through 10 to 30% glycerol gradients containing RIPA lysis buffer (4) in a TsT 602 rotor (Ivan Sorvall, Inc., Norwalk, Conn.) for 20 h at 49,000 rpm at 4°C. Gradients were fractionated into 18 tubes. Each fraction was immunoprecipitated by using MAb EC10, and pp6Ov-src in each fraction was quantitated by Western blotting as described above.
Glucose uptake assay. Cells infected with individual v-src variants were rinsed with phosphate-buffered saline and incubated for 5 or 7 min at room temperature with 1 ,uCi of [3H]2-deoxyglucose per ml (30 Ci/mmol; Dupont, NEN) (68, 69) . Cells were rinsed three times with ice-cold phosphatebuffered saline and lysed in 0.1 N NaOH-1% SDS. The cell lysates were divided into equal portions for scintillation counting and protein determination.
RESULTS
Isolation and characterization of deletion variants. The sequences within the amino-terminal one-third of the v-src protein influence morphological transformation (37, 42) . Previous studies have shown that a region of the v-src protein delineated by residues 143 to 169 appears to be necessary for cellular transformation (50) . RSV variants containing deletions which impinge on this region are defective for transformation. One such variant, td dll21 ( Fig. 1) , encodes a structurally altered src protein which exhibits tyrosine protein kinase activity in vitro and retains the ability to phosphorylate the in vivo substrate p36, calpactin I heavy chain (43) . RSV variants containing deletions within sequences adjacent to this critical region (ts d1119, a deletion of amino acid residues 173 to 227, and ts d1120, a deletion of residues 169 to 225) ( Fig. 1 Amino acid sequence of an amino-terminal domain of p60rc encoding residues 141 to 180. The deduced amino acid sequence of PrA RSV src is compared with the sequence of cellular c-src, the SH2 region of Fujinama sarcoma virus-encoded v-fps (55) , and the B domain of phospholipase C (64). Symbols: I, identical amino acids; *, residues that differ between v-src and c-src;^, amino acids inserted in the individual RSV variants. Residues within boxes are amino acids deleted in the individual RSV variants. The phenotype of each RSV variant is denoted at the right. T, Transforming; td, transformation defective; ts, temperative sensitive. respect to morphological transformation (43, 50) . To further investigate the function of this region of the src protein in transformation, six deletion mutations and two insertion mutations were individually introduced into this region of the v-src gene by oligonucleotide-directed mutagenesis. Figure 1 summarizes the amino acid residues deleted (boxed) in the deletion variants d1145, d1155, d1161, d1165, d1171, and d1175. Insertion variants isl61E and isl6l(LE)2 contained a single Glu residue or the tetrapeptide Leu-Glu-Leu-Glu inserted after amino acid 160. Transfection of cells with wild-type (wt) RSV DNA or the variant d1145 or isl61E resulted in typical morphological alteration of cells 6 to 8 days posttransfection ( Fig. 1 and Fig. 2B, D, and F) . However, cells transfected with d1155, d1161, d1165 (Fig.  2C) , d1171, d1175, and isl6l(LE)2 (Fig. 2E) (Fig. 2H and G ). These results demonstrate that sequence alterations created by specific tri-and tetra-amino acid deletions or a tetra-amino acid insertion within the region defined by residues 155 to 177 alter v-src transformation potential.
As an independent measure of the extent of cellular transformation, the rate of glucose uptake was measured in cells infected with the individual v-src variants (Table 1) . Cells infected with wt RSV, transformation-competent variants d1145 and isl61E, and ts d1119 (35°C, permissive temperature) exhibited elevated rates of glucose uptake. In contrast, cells infected with the td variants d1165 and isl6l(LE)2 exhibited rates of glucose uptake similar to those of normal CE cells. Cells infected with ts d1119 and maintained at the nonpermissive temperature (41°C) showed a substantial reduction in glucose transport compared with cells grown at the permissive temperature (35°C), in agreement with the previous measurements (14) . These data are consistent with the morphological observation that the td RSV variants are defective for cellular transformation.
Synthesis and stability of src proteins. protein expressed in cells infected with the individual RSV variants differed substantially (Fig. 3 ). In general, the level of src protein expressed in cells infected with td variants (Fig. 3, lanes 4 through 8 and 10 ) was less than the amount of src protein in wt-, ts d1119-, or ts d1120-infected cells (lanes 2, 11, and 12), with isl6l(LE)2-infected cells exhibiting the lowest amount of src protein and d1165-infected cells showing the highest amount. In fact, to detect appreciable levels of src protein by immunoblotting, it was necessary to increase fourfold the amount of cell extract from cells infected with the td variants (Fig. 3) . Control experiments using other src-specific monoclonal antibodies or polyclonal rabbit serum confirmed that the deletions did not alter the ability of individual antisera to immunoprecipitate the variant src proteins (data not shown). (Fig. 4) . After 2 h of labeling with [35S]methionine, similar amounts of labeled src protein were detected in cells infected with wt RSV, the individual td variants, or ts d1119 maintained at the permissive or nonpermissive temperature. However, after a 4-or 8-h chase period, considerably less src protein was detected in cells infected with the td variants than in cells infected with wt RSV, d1145, isl6lE, or ts d1119 (Fig. 4) (6 h ). These data indicate that sequence alterations within the region defined by residues 155 to 177 appear to influence the stability of pp6Ov-src and lead to an increased rate of degradation of the mutant src protein.
Kinase activity of src variants. The in vitro kinase activity of individual src variant proteins was measured by using immune complexes prepared from cells infected with wt RSV, d1145, isl61E, td variants d1165, and ts d1119 (Fig. 5 and Table 3 ). The src proteins encoded by d1145 exhibited the highest level of both autophosphorylation and exogenous phosphorylation activities, 60% greater than was found for Fig. 3 ). Exogenous phosphorylation activity was measured by addition of denatured rabbit muscle enolase (even-numbered lanes). Autophosphorylation activity was measured by incubation of immune complexes in the absence of enolase (odd-numbered lanes).
infected cells as well as from ts d1119-infected cells within the 1-h labeling period, which suggested that newly synthesized src proteins localized to cellular membranes irrespective 6f their transformation activity.
Association of src protein with the p9O-p5O proteins. Soon after synthesis, the src protein enters a cytoplasmic complex with cellular proteins p90 and p50 (4) . To determine whether the defect in transformation correlated with the increased association of src proteins with p90-p50 proteins, whole-cell lysates from wt RSV-, isl6lE-, td variant d1165-, and ts d1119-infected cells were analyzed on 10 to 30% glycerol gradients. Individual fractions were immunoprecipitated with MAb EC10 and analyzed by SDS-PAGE, and the src protein was quantitated by immunoblotting with 125I-labeled MAb 327. An example of such an analysis for wt RSV-and d1165-infected cells is shown in Fig. 7 . To quantitate the relative amount of src protein complexed with p50 and p90, the level of src protein present in each gradient fraction was measured by densitometry, and the relative amount of src protein was plotted as a proportion of the total src protein in the gradient (Fig. 8) . Compared with cells infected with wt src (Fig. 8A) or the transformation-competent variant isl61E (Fig. 8C ), cells infected with td variant d165 contained a slightly higher but still minor proportion of src protein (30%) that sedimented rapidly in the gradient (Fig. 8B) . When the distribution of src was measured in cells infected with ts d1119 and grown at the permissive and the nonpermissive temperatures ( Fig. 8E and D) , similar amounts of rapidly sedimenting src protein were observed at the two temperatures. Therefore, it appears unlikely that the direct association of src protein with p90-pSO plays a major role in the inhibition of cell transformation by td variants such as d1165 or the alteration in phenotype observed when ts d1119 cells are shifted to 41°C. 
DISCUSSION
We reported previously that RSV variants that contain deletions within the src gene which remove amino acid residues 38 to 142 readily induce cellular transformation, whereas variants containing deletions which impinge on the region of the src gene encoding residues 143 to 169 lack the ability to mediate cellular transformation (50) . In addition, we have observed that variants containing a deletion of amino acid residues 169 to 225 or 173 to 227 are temperature sensitive for transformation (6, 50) , providing additional evidence for an important functional domain within this region of pp6Ov-src. Site-directed mutagenesis techniques have been used to introduce tri-and tetrapeptide deletions into a region from residues 145 to 177 (Fig. 1) and singleresidue and tetrapeptide insertions at residue 161 (Fig. 1) . CE cells infected with d1155, d1161, d1165, d1171, d1175, or isl6l(LE)2 exhibited no distinguishable alteration in morphological features (Fig. 2) and virtually no change in the rate of glucose uptake (Table 1) . However, cells infected with d1145 or isl61E became fully transformed and were indistinguishable from wt RSV-infected cells (Fig. 2) . These results, considered together with our previous data, indicated that the region from approximately residues 155 to 177 is critical for v-src transforming activity. The results reported here confirm and extend the observations of Cross et al. (16) Fig. 1] , residues 137 to 241 of v-src) impaired the ability of Fujinami avian sarcoma virus to transform Rat-2 cells. Analysis of the gag-fps protein revealed that SH2 mutants were deficient in tyrosine protein kinase activity in rat cells but, when expressed in bacteria, retained tyrosine protein kinase activity. These authors suggested that the SH2 region was not required for catalytic activity but could profoundly influence the adjacent kinase region, possibly by interaction with cellular factors (55, 19 protein modulates the interaction of src with cellular factors required for transformation, whereas the RSV variants reported here retain tyrosine kinase activity.
Both the subcellular localization of src in cytoplasmic membranes and activation of tyrosine kinase are crucial for cellular transformation (30) (31) (32) . Mutation of Gly-2 to Ala or Glu or deletion of the first 14 amino-terminal residues yields nonmyristylated src proteins which are defective in their ability to associate with cellular membranes and retain high levels of in vivo and in vitro kinase activity but are transformation defective (16, 31, 32, 46) . Our data indicate that significant amounts of newly synthesized src proteins encoded by td variants translocate to the membrane. However, their inability to transform cells and the increased turnover of the variant src proteins provide evidence for an altered interaction of variant src proteins with other cellular membrane components. Recently, Stahl et al. reported a partial homology within the amino-terminal region of pp60src (residues 147 to 188) with phospholipase C (the B region) (64) . Although the structural implications of this homology are unclear, an intriguing possibility is that the src protein and phospholipase C interact with a common family of membrane components.
In summary, we have shown that deletions within residues 155 to 177 appear to alter the interaction of pp60src with membrane components necessary to stabilize src protein in the cytoplasmic membrane and perturb the ability of src protein to interact with cellular factors required to trigger the cell transformation. These specific membrane components may or may not be substrates for pp60src phosphorylation. Additional experiments to investigate the patterns of phosphotyrosine-containing proteins in cells infected with deletion variants of RSV are in progress.
